A novel mathematical model of gas injection in the AOD converter process has been developed. The model is based on fundamental transport equations and includes separate solutions of both the steel and the gas phases and their coupling by friction. The inlet boundary conditions at the nozzle are predicted using a separate fundamental mathematical model of an AOD nozzle. This approach, together with the two phase solution, avoids the need to guess the inlet boundary conditions. The predicted gas plume has been compared to a plume from a scaled down water model of an AOD nozzle in a qualitative manner. The plume shapes are very similar, which indicates that the model predictions are of the right order of magnitude. The AOD model has also been used to predict fluid flow patterns, turbulence characteristics and bubble diameters.
Introduction
In order to optimize the kinetics of operations in an AOD converter, such as decarburization and desulfurization, it is important to understand the fluid flow characteristics during gas injection. Most of the studies presented in the literature have used physical modeling to determine the fluid flow characteristics in AOD converters. Povolotsky et al. 1) determined velocity vector plots based on experiments in a 10 tonne model using air injection into water. Figueira and Szekely 2) determined both the velocity and the turbulence characteristics in a 5 tonne model of an AOD converter. Masterson 3) also used a 5 tonne physical model to study the mixing times in the AOD converter. Recently, Fabritius and Kupari 4) determined the mixing times using physical modeling, but for a chromium converter. There are even a couple of other physical modeling studies for other types of converters, which may provide some information that is relevant to AOD converters. [5] [6] [7] [8] A few attempts have also been presented where mathematical modeling has been used to determine the fluid flow characteristics in AOD converters. Zhu et al. 9) used a separate model of a gas plume model in combination with a fluid flow model and applied the result to water to obtain the flow in the AOD converter. This modeling approach requires a calculation of a cone angle, which is based on a theory by Themelis et al. 10) However, in another work Oryall et al. 6) concluded that the cone angle theory could not predict the measured cone angles. It is noted that Zhu did not specify the values of the cone angles used in the simulations. In another attempt to use mathematical modeling to predict the fluid flow, Gitter et al. 11) modeled injection of gas through four nozzles into a converter. They specified the distribution of the velocity and size of the gas bubbles at the inlet and solved the transport equations to predict the fluid flow. However, in neither of these attempts, to model the fluid flow in an AOD converter, a realistic treatment of the boundary condition at the inlet has been considered. This is, according to the authors, crucial in order to describe fluid flow and especially the turbulence characteristics in a realistic manner. That information is, in turn, necessary to predict bubble sizes and distribution of bubbles, which later are necessary to predict decarburization.
With the above mentioned statements in mind, the authors have systematically worked on developing a fundamental mathematical model of the fluid flow in an AOD converter. Initially, a separate fundamental mathematical model of an industrial AOD nozzle was developed. 12) Measured gas velocities at the nozzle outlet were found to agree well with LDA measurements from a full scale AOD nozzle.
13) The model was thereafter used to predict the outlet conditions for different argon-oxygen gas mixtures that are relevant to the AOD converter process. 14) A schematic description of the nozzle is shown in Fig. 1 .
The aim with this study is to present a fundamental mathematical model of gas injection in an AOD converter. The AOD nozzle model is used to predict the inlet conditions at the nozzle which thereafter are used in the AOD model. This is the first time, to the authors' knowledge, such a realistic modeling approach is presented for an AOD converter. The model predictions are also compared in a qualitative manner with results from physical modeling.
In the first part of the paper the mathematical description of the AOD model is presented. Thereafter, the physical modeling including the scaling of the model is discussed.
Finally, the results from the comparison of the predicted and experimentally determined gas plumes as well as other model predictions are presented and discussed.
Theoretical Model

Mathematical Formulation of the AOD Converter
The mathematical model of gas injection in an AOD converter is three-dimensional (3-D) and accounts for both the steel and gas phases. The calculation domain is described using non-linear coordinates, i.e. so called Body Fitted Coordinates (BFC). The fluid flow model is based on the following assumptions: ∑ The AOD converter is calculated using only a half a 3-D BFC grid due to symmetry along the middle plane. ∑ The free surface is frictionless and flat. The gas bubbles are allowed to leave the domain through the surface. ∑ The gas bubbles are introduced through a nozzle located in the side of the wall. The gas flow rate is 13.75 Nm 3 /min. ∑ The injected gas adopts the steel temperature momentarily. ∑ An interface-friction coefficient is used to describe the force between the gas phase and the steel phase. ∑ The transport equations for the enthalpies of the gas and steel are not solved. Therefore, the steel temperature is set to 1 873 K during the calculation period. ∑ No reactions or slag is accounted for.
Transport Equations
General Equations
Based on the above mentioned assumptions the following equations are solved in the three-dimensional two-phase fluid flow model of gas injection in the AOD converter:
∑ Mass conservation for both the steel and gas phases. ∑ Conservation of momentum for x, y and z directions, both for the steel and the gas phases.
Frictional Forces between the Gas and Steel Phases
The friction forces cause the transfer of momentum from the slower moving steel phase to the faster moving gas phase. The friction force per unit volume that the steel exerts upon the gas at the interface is given by:
........... (1) where C D is the drag coefficient for a spherical gas bubble, a g is the gas fraction, a l is the steel fraction, r l is the steel density, x rel, i is the absolute value of relative velocity difference between the gas and steel phase in the i-axis direction, and x con is a constant reference value for the velocity difference (0.01 in this investigation). Note, that it is necessary that x con is positive in order for the frictional forces to remain finite. The parameter d b is the bubble diameter which is expressed as 15) : ............ (2) where s l is the surface tension of iron and r g is the density of the gas phase. This equation was used in the whole calculation domain except just outside the nozzle, where the bubble diameter was calculated as follows 16) :
where V g is the volumetric flow rate in cm 
, where w ជ g and w ជ l are the velocity vectors of gas and liquid, respectively. The parameter m l is the dynamic viscosity of the liquid phase. Furthermore, We is the Weber dimensionless number and is expressed as:
. 
where the positive sign is for the liquid phase and negative sign for the gas phase. The interfacial pressure forces are given by:
where the positive sign is for the liquid phase and negative sign is for the gas phase.
Turbulent Transport Equations
To model the turbulence in the converter, the following equations for the turbulent kinetic energy, k, and the dissipation of the turbulent kinetic energy, e, 18) from the twophase k-e model 19) have where s k is a turbulent constant and u, v and w are the velocities for the liquid phase in the x, y and z directions, respectively. The parameter G is the volumetric generation of turbulent kinetic energy by shear forces, neglecting body forces, and S k is the source term representing the effect of the dispersed gas phase. 20, 21) The latter is expressed as:
... (14) where C b is an empirical constant. The value of this constant and all other constants used in the turbulence model are given in Table 1 . (16) where s e , C 1 and C 2 are turbulent constants given in Table  1 . The parameter S e is a source term representing the dispersed gas phase 20, 21) which can be expressed as:
. (18) where m t is the turbulent dynamic viscosity and can be expressed as:
...... (19) where C mcd is a constant given in Table 1 . where M g is the molecular weight of the gas, R is the universal gas constant, and T is the temperature. The parameter P d is the calculated dynamic pressure and P amb is the ambient pressure, which is 0.1013 MPa.
Properties
Boundary Conditions
In Fig. 2(a) , a schematic picture of the 3 dimensional domain is shown. The computational grid is shown in Fig.  2(b) . The numbers of cells used in calculations are 20ϫ 30ϫ70. The extensions of the computational domain are given in Table 2 . The surface ABCD represent the symmetry plane. The surface BCFH represent the bottom wall, while the surface ABHG is a wall where the nozzle is placed. The location of gas injection is marked with an arrow. The surfaces GHFE and DCFE also represent walls. The surface ADEG is the flat surface where the gas can leave the domain but not the liquid phase. A more detailed description of the boundary conditions for the converter is given in Table 3 . No-slip boundary conditions are applied to all walls and in cells closest to the walls logarithmic wall functions 22) are used. The cell rows in the GH and EF corners contained very small cells that were blocked. The inlet conditions for the gas phase are listed in Table 4 . The inlet cell was set to contain only the gas phase. All values at the inlet are taken from earlier calculations of AOD-nozzles. [12] [13] [14] 
Method of Solution
The calculations were performed using the commercial code PHOENICS.
23) The IPSA algorithm 24) was used to solve the 2-phase problem. The solution was made in a transient mode with 3 975 number of 0.04 s time steps. A typical calculation took about 21 h on a parallel 4-unit PCcluster.
Physical Model
The physical model is a down scaled, 1 : 10, plexi glass water model of the computational domain. Froude similarity is valid between the two systems. The Froude modified dimensionless number, Fr, is described as: (21) where X g is the velocity of the gas and D is a characteristic length in the system. Here, it is taken as the diameter of the converter.
The flow rate was scaled down using the following rela- (22) where Q R and Q m are the volumetric flow rate of the real system and the model, respectively. The parameter l is the scale factor. In order to meet both the modified Froude criteria and the flow rate, the diameter of the nozzle in the model was set to 3 mm. This resulted in a volume flow of air of 43.5 Ndm 3 /min in the model. However, no attempt was made in the physical model to simulate the heat expansion of the gas, which occurs in the real system and which is accounted for in the CFD calculations.
Results and Discussion
Verification of Predicted Results with Experimen-
tal Data The predicted gas plume has been compared with a physical model of the same system. Figure 3 are snap shots from the water model, which shows that the momentary gas fraction varies rapidly and significantly around some average distribution. The predicted gas fraction, on the other hand, is calculated using the Reynolds Average NavierStoke's equations (RANS), and these represent a time averaged gas distribution. Figure 4 shows (a) the predicted gas plume and (b) a photograph of the gas plume from the physical model during a time period of 2 s, i.e. with a shutter time of 2 s. It can be seen that the agreement between the water model results and the predictions of the gas distribution is satisfactorily. However, it should be mentioned that in a previous study, Figueira and Szekely presented experimental data with a gas jet that penetrated deeper into the bath from the point of injection.
2) Furthermore, their plume was more or less in the middle of the vessel. However, from the data presented in the Ref. 2), it seems, as the modified Froude number in their experiment is very high. Another difference between the system in this work and the system used by Figueira and Szekely is the geometry. They used a twice as wide vessel in their experiment. Their high modified Froude number and the differences in vessel geometry probably explain the differences in penetration depth.
For the simulated Ar-Fe system in this study the modified Froude number is approximately 560 and for the physical model it is approximately 357, when using the inner diameter of the nozzle as the characteristic length. From the data presented by Hoefele et al. 8) it is found that the penetration depth for the air-water system in this study could be expected to be ϳ3 cm. The penetration found by a rough measurement in the physical model (Fig. 4(b) ) is ϳ4 cm. Further, using the He-H 2 O system data presented in Ref. 8) for a rough comparison with the penetration depth found in the simulated Ar-Fe system, it is seen that this penetration depth could be expected to be around 14 cm. Another way to find a validation of our results is to use the results for the N 2 -Steel system by Igwe et al., 26) who found that the penetration depth in a N 2 -steel system was related to a N 2 -water ratio by a factor 1 : 1.25 to 1 : 1.4. If this scaling is used to translate the penetration depth from the physical model in this study to a corresponding value for the simulated Ar-Fe system presented here, the intervals found are approximately 21 to 24 cm (3 cm in the physical model) and approximately 28 to 32 cm (4 cm in the physical model). The penetration depth read from the simulated data in Fig. 4 is approximately 21 cm (for an average gas fraction of 0.6).
In summary, the predicted penetration depth into liquid steel in this study of 21 cm is in fairly close agreement with the value of 14 cm derived from Hoefele et al. 's 8) work and the values of approximately 21 to 32 cm derived from Igwe's 26) work. Thus, the close resemblance between the simulated and observed gas plumes gives confidence that a first important verification of the presented model has been done. Except what is discussed above regarding the measurements by Figueira and Szekely, no contradicting information was found in the literature. Of course, more detailed verifications of model predictions are necessary to confirm that important velocity, turbulence and bubble characteristic data are calculated in accordance with reality.
Theoretical Output from the Model
In Fig. 5(a) , the velocity vectors at the symmetry plane are shown. As can be seen, the velocity is upward in the plume region and downward at the side as well as at the opposite wall of the injection. The upwards velocities are also higher at the side wall where the gas is injected. This is expected since the buoyancy forces are highest where the gas is injected. The authors would also like to point out that the velocity field constantly changes. This is also seen in physical modeling of the gas injection in an AOD converter (Fig.  3) . Therefore, the data in Fig. 5(a) the velocity vectors at a horizontal view near the top of the domain. As seen, the flow is directed upwards in the plume and moves away from the plume and downwards at the wall. The flow is opposite in Fig. 5(c) , which shows velocities in a plane located further down in the domain where the converter is more narrow. Here, the flow is directed towards the plume, i.e. the steel is suctioned towards the plume. Heuristically, the steel is lifted in the plume region, it is spread from the plume in all directions when it approaches the surface, and then goes down along the walls where it is everywhere suctioned towards the plume. The probability to get a vertically directed recirculation between the plume and the wall closest to the nozzle naturally increases with increasing penetration depth. According to established knowledge, the penetration depth for similar systems decreases with a decreasing ratio of gas/liquid density. Thus, it will be a higher likelihood to see such a recirculation in the air-water model than in the simulated Ar-Fe system. In the work by Zhu et al., 9) they claim that such a re-circulation exist in their calculations. However, such a recirculation could not be observed, even by the most careful observations, in the physical model (Fig. 3) . This re-circulation is also not visible in the simulated system (Fig. 5) .
In Fig. 6 , the predicted relative velocity between the gas and liquid phase is shown. It ranges between 1 cm/s outside the plume region up to 2 m/s just outside the nozzle. In the nozzle cell the value was 213 m/s, i.e. equal the gas velocity. Thus, closest to the inlet the highest relative velocity differences are found. This is expected since the gas fraction is highest in this region, which is illustrated in Fig. 4 . This means that the "resistance" to gas flow is smallest in the inlet region, which results in the relative high velocity differences of approximately 1 m/s. As the gas moves away from the inlet region, the relative velocity differences decreases. Halfway up towards the surface, where the gas fraction is ϳ0.2 and bubble size is ϳ4.4 cm, the value is approximately 0.7 m/s. This might be compared with the measured bubble rising velocity by Iguchi et al. 27) who, for the Fe-Ar (1 873 K) system, found values around 0.5-0.7 m/s where the gas fraction was ϳ0.2 and the bubble size ϳ2.5 cm.
The predicted dissipation of the turbulent kinetic energy, e, is plotted in Fig. 7 . If the data are compared with the gas fraction in Fig. 4 and the relative velocity in Fig. 6 , it can be seen that the highest values of the turbulent kinetic energy dissipation are found in the region closest to the inlet. This corresponds to the areas where the gas fraction and the relative velocities are highest. The dissipation of turbulent kinetic energy is almost 5 000 m 2 /s 3 close to the gas inlet. The values very rapidly decrease further away from the inlet. Outside the gas plume the turbulence is much lower. This information indicates that the main mixing in the simulated AOD converter will take place in the gas plume region. In order to obtain a better mixing in the areas outside the gas plume it would be necessary to inject gas from several nozzles. This is actually precise what is done in a plant AOD converter.
It is known that the turbulence has an effect on the bubble characteristics. As shown in Eqs. (2) to (8) the bubble diameter can be calculated if the drag coefficient is known. This, in turn, requires that the Reynolds and the Weber numbers are known. For the studied range of variables the Reynolds number was approximately 8 300 or more in the whole AOD converter. The Weber number is approximately 14 outside the gas plume and up to 60 in the gas plume. This means that the drag coefficient calculated using Eq. (8) has a value of 2.67 in all cells in the AOD converter.
In Fig. 8 , the predicted bubble size is shown. It can be seen that the bubble diameter data do not change so much in the axial direction. More specifically, bubble diameters of 4.0 to 4.4 cm are predicted, except just outside the nozzle were the bubble size are predicted to about 20 cm. This is due to that the predicted size of the bubble in the inlet cell is calculated with Eq. (3) and represents the cavity of the gas at the nozzle. Equation (2) shows that the bubble size is inversely proportional to the drag coefficient. Since the other data in the equation stay constant for the current conditions, the bubble diameter will have a fairly constant value if the drag coefficient has a constant value. Only pressure will significantly influence bubble size through its influence on density, since temperature was not solved for in this calculation.
It was mentioned earlier that the main mixing in the system will take place in the gas plume. This is also the region where most bubbles are found. Decarburization is one of the main refining operations that take place during AOD converter treatment. Here, oxygen is injected in to the steel. In the beginning of the decarburization, pure oxygen is injected and at later stages argon is also injected. The share of argon inert gas is successively increased in order to lower the partial pressure of carbon monoxide and thereby promote the carbon removal. In order to predict the decarburization in the future it is necessary to solve separate partial differential equations for C, O, Cr, Fe etc. as well as for the reaction products and also include the thermodynamic description for the expected reactions. Furthermore, it is necessary to solve the enthalpy equation, since all thermodynamic reactions vary with temperature.
Conclusions
A three-dimensional two-phase model of gas injection in AOD converters has been developed where the two phases are coupled by friction. The model is based on fundamental transport equations. A novel feature with the modeling approach is that a separate fundamental mathematical model of the AOD nozzle is used to predict the inlet conditions in the mathematical model of gas injection into the AOD converter. This avoids guesses of boundary conditions at the inlet and ensures that important inlet conditions such as velocity, turbulence and temperature data actually represents conditions found in industrial AOD converters. The predictions of the gas plume were found to agree well with a gas plume determined using a scaled down physical model of the AOD converter. The model has been used to predict gas fraction, velocity, turbulence, drag coefficient and bubble size data. It is shown that the bubble size mainly varies with density (i.e. pressure in this study) since the temperature and thermodynamic reactions are not taken into account.
For the first time, according to the authors' opinion, a mathematical model based on first principles of the gas injection into AOD converters has been developed. In the near future, it is necessary to further verify model predictions with velocity and turbulence data from physical modeling. The future goal is to enhance and expand the model so that it can be used to predict decarburization in the AOD converter.
